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ABSTRACT 
 
Resorcarenes and their derivatives, cavitands, are macrocyclic compounds easily 
synthesized and derivatized and capable of forming noncovalent complexes with a 
variety of guest molecules. In this work, properties of alkylammonium complexes of 
substituted resorcarenes and alcohol complexes of phosphonate-bridged cavitands were 
investigated by electrospray ionization Fourier transform ion cyclotron resonance mass 
spectrometry (ESI-FTICR MS). Attention was paid to factors affecting complex 
formation, the stability of the formed complexes, the noncovalent interaction modes 
involved, and the ability of ESI-FTICR MS to reveal properties of the complexes. 
Experimental techniques such as competition measurements, collision induced 
dissociation, and gas phase ion–molecule reactions were utilized. 
 
Tetratosylated tetraethyl and tetramesityl sulfonated tetramethyl resorcarenes were 
observed to form 1:1 and 2:1 complexes with a variety of alkylammonium ions. 
Complex formation was most strongly determined by steric factors and the ability of 
the guests to form hydrogen bonds. Alkylammonium ions formed more abundant and 
more stable complexes than arylammonium ions, which implied the importance of CH-
π interactions in formation of the complexes. Gas-phase stability of the complexes 
depended mainly on the strength of the formed hydrogen bond and the proton affinity 
difference between host and guest.  In 1:1 complexes the guest ions were located at the 
stern of the boat conformation of the resorcarene host, where they engaged in hydrogen 
bonding interaction with the S=O group of the host. In the case of tetratosylated 
resorcarene the host maintained intramolecular hydrogen bonds in complexation, 
whereas alkylammonium ion complexation with tetramesitylsulfonated resorcarene 
interrupted the intramolecular hydrogen bonding. The resorcarene dimers had a 
sandwich-like structure where the two resorcarene subunits were connected by 
intermolecular hydrogen bonds and the guest ions provided electrostatic stabilization. 
 
The alcohol complexation of phosphonate-bridged cavitands, the stability of the 
formed complexes, and the specificity of the cavitands were strongly determined by the 
number, position, and orientation of the P=O moieties. Methyl groups at apical 
positions of the resorcarene skeleton also affected the complexation properties. The 
alkyl chains at the lower rim of the cavitand were not observed to affect the 
complexation properties. The length and branching of the alkyl chain of the alcohol 
influenced the complex formation, but the effect on stability of the complexes was 
negligible.  
 
High resolution mass spectrometry in conjunction with soft ionization technique was 
found to be a valuable tool in studying the properties of noncovalent host–guest 
complexes. A vast amount of information can easily be obtained by mass spectrometry 
so long as attention is paid to the experimental parameters. Especially for the cavitands 
the mass spectrometric results were in good agreement with the results obtained by 
other methods, and mass spectrometric study of the complexes produced information 
valuable for the development of supramolecular sensors. 
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INTRODUCTION 
 
This dissertation summarizes the experimental results obtained in a mass spectrometric 
study on supramolecular alkylammonium complexes of substituted resorcarenes and  
alcohol complexes of  resorcarene derivatives, phosphonate-bridged cavitands. 
 
1.1 Supramolecular chemistry 
 
Jean-Marie Lehn, (Nobel Prize Winner in Chemistry in 1987) has defined 
supramolecular chemistry as chemistry beyond the molecule.1 It can also be defined as 
the chemistry of intermolecular noncovalent bonding, whereas molecular chemistry 
can be considered as chemistry of intramolecular covalent bonding. The task of 
supramolecular chemistry is to explore and develop systems which are programmed to 
form selective self-assembling, self-recognizing, and finally self-learning entities. 
These systems include DNA strands carrying molecular information, metalloreceptors 
capable of multiple recognition, cryptands selectively transporting metal cations, 
molecular electronic devices, dynamic polymers, and self-assembling nanomaterials. 
Supramolecular chemistry can be considered as interscientific field, which 
encompasses applications and problems from inorganic chemistry up to organic 
chemistry and from biology up to physics, materials science, and computer science.2-8 
 
Host–guest chemistry is the simplest form of supramolecular chemistry.9-17 Here, a 
molecule (host) binds noncovalently another molecule (guest) and forms a host–guest 
complex or supermolecule. Commonly the hosts are defined as synthetic molecules 
containing convergent binding sites, and guests as molecules or ions containing 
divergent binding sites. Depending on the compatibility of the two (or more) 
interacting species, the host–guest complex can be considered as non-specific or 
specific, and highly specific complexes can even be considered as recognition 
complexes. Most commonly the host is understood as a concave organic molecule, 
which can be preorganized for the guest and which utilizes multivalent and cooperative 
interactions.2,18 Spherands,2,11,19 calixarenes,2,20,21 resorcarenes,22-26 corands,2,11,19 crown 
ethers,2,9,10 cryptands,2,19,27 carcerands,11,19 and cavitands11,19,28-32 have proved their 
ability to form host–guest complexes. Although most host molecules are organic in 
nature, some inorganic molecules possess concave structures capable of binding small 
organic molecules. Among these are zeolites and some clathrates.2,11 
 
In complexation and self-assembly, supramolecular species utilize noncovalent 
interactions, which are relatively weak in nature. The term “noncovalent” covers a 
variety of forces, which are based on induced or permanent charge, aromatic π 
character, hydrogen interaction, or hydrophopic effect.2,3,33-36 Since a single 
noncovalent bond is extremely weak, constructing a stable host–guest complex 
demands a host capable of utilizing noncovalent interactions in summative, 
cooperative, or even multiplicative fashion. The extra stabilization that macrocyclic 
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hosts provide is called the macrocyclic effect.2,36 Macrocyclic hosts offer multiple 
binding sites, which are preorganized for interactions with the guest. Complex 
formation with a macrocyclic host also has thermodynamic advantages. Macrocyclic 
hosts tend to be less solvated than their acyclic analogues, since they present less 
solvent-accessible surface area. As a result, there are fewer solvent–host interactions to 
break in the desolvation process, and a marked enthalpic gain in energy is achieved. In 
addition, binding of a guest to a macrocycle is entropically favorable due to the 
inherently less flexible conformation of the macrocycles. As a consequence, they lose 
fewer degrees of freedom upon complexation.2 Besides the complementarity of the 
interactions, steric fit (lock-and-key principle) is needed for the formation of a 
complex.37 
 
1.2 Resorcarenes 
 
Resorcarenes (Figure 1, page 11) are cyclic tetramers of resorcinol in which resorcinol 
rings are connected with methylene bridges.22,23 Resorcarenes can be obtained in 
reasonably high yields via simple, one-phase, acid-catalyzed condensation reaction.38-40 
 
The stereochemistry of resorcarenes is determined by the conformational properties of 
the resorcinol rings, together with relative and individual configurational properties of 
the substituents.41-44 The conformation of the resorcarene skeleton can adopt five 
extreme arrangements: crown (cone, C4), boat (pinched cone, C2v), chair (partial cone, 
C2h), saddle (1,3-alternative, D2d), and diamond (1,2-alternative, Cs). The crown 
conformer is the most stable one for unsubstituted resorcarenes. However, the 
stereochemistry of resorcarenes is greatly affected by the reaction conditions and by 
the substituents attached to the resorcarene skeleton.29,45,46 Thermodynamic stability of 
resorcarene is determined mainly by the minimized strain in the resorcarene skeleton. 
In addition, the number of intramolecular hydrogen bonds and orientation of the 
substituents affect the stability of the conformer.47,48 
  
The natural versatility of the resorcarenes is increased by the ease of their 
derivatization.22-24,49-51 Introduction of electronically and sterically diverse groups on 
the hydroxyls (upper rim) of resorcarene significantly alters their physical, 
conformational, and binding properties. As a result, resorcarenes are able to operate as 
diverse and effective hosts in supramolecular chemistry.22-24,52 Hydroxyl groups at the 
upper rim of resorcarene, or attached substituents, can engage in hydrogen bonding, 
while the π-basic cavity can form cation-π, CH-π, and π-π interactions with the guest. 
In recent years resorcarenes have been reported to form host–guest complexes with a 
variety of guest molecules, mostly with small organic molecules and ions,53-71 but also 
with alkali metal cations.72,73 In addition, resorcarenes can be employed as building 
blocks for self-assembled mono- and multilayers on gold,74-79 as ultra-thin surface 
layers on interfaces,80-83 and as transmembrane ion tunnels.84,85 
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1.3 Cavitands 
 
Cavitands (Figure 2, page 13) are resorcarene derivatives with enforced cavities 
capable of molecular recognition.11,86,87 In a narrower sense,  cavitands are understood 
as singly or multiply bridged resorcarenes. Mixed- or all-bridged cavitands are 
prepared by using resorcarenes as platforms and reacting the four pairs of adjacent 
resorcinol hydroxyls with a suitable alkyl halide. Cavitands are particularly attractive 
hosts because of the many bridging groups available, which shape the cavity, rigidify 
the macrocycle, and affect the properties of the cavitand as host. The most common 
bridging groups are alkylenedioxy,88,89 dialkylsilicon,90,91 heterophenylene,87,92-94 and 
phosphoryl.95-98 Compared with resorcarenes, cavitands are extremely rigid molecules, 
which adopt a crown-like conformation with C4v symmetry in solid state and deviate 
only slightly from this structure in solution.  
 
As a result of their more rigid nature, cavitands, can serve as highly preorganized 
hosts, and can be expected to engage in more selective complexation than 
resorcarenes.11,28,30,93 Depending on the substitution and the nature and number of 
bridging groups, cavitands are capable of forming a wide variety of host–guest 
complexes with different guest molecules or ions.87,88,91,99-104 They have also been 
employed as sensitive layers in mass sensors suitable for the detection of volatile 
organic compounds such as aromatic hydrocarbons,105-108 alcohols,109-110 and acetates.111 
 
Cavitands can be further employed as building blocks for intricate and relatively large 
container molecules. Covalent linkage of cavitands produces carcerands and 
hemicarcerands.11,19 Cavitands are also used as building blocks for larger hybrid hosts, 
in which different host structures, such as calixarenes, crown ethers and cavitands, are 
combined to form hosts with several binding sites.23,60,112,113 
 
1.4 Mass spectrometry of host–guest complexes 
 
Supramolecular complexes have traditionally been investigated by X-ray diffraction 
methods and NMR spectroscopy. Development of soft-ionization techniques such as 
electrospray ionization (ESI)114-117 and matrix assisted laser desorption/ionization 
(MALDI)118-120 has increased the importance of mass spectrometric investigation in the 
area of supramolecular chemistry.121-124 ESI is a technique in which pre-existing ions 
are transferred from solution to gas phase. In the case of noncovalent complexes it has 
several advantages, including sensitivity, specificity, speed, and stoichiometry.125-127 
With ESI mass spectrometry, relatively weak noncovalent complexes formed in 
solution can be transferred to gas phase as intact complexes with minimal sample 
consumption, and their intrinsic properties can be studied without the interference of 
solvent. Properties such as stoichiometry of the formed complexes, relative or even 
absolute binding affinities, and the stability of the complexes are revealed. 
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Connecting ESI with a high resolution instrument such as a Fourier transform ion 
cyclotron resonance mass spectrometer (FTICR MS)128-132 improves accuracy and 
opens new possibilities in the study of host–guest complexes by mass spectrometry. 
Besides simple detection with high mass accuracy and resolution, an ICR cell makes it 
possible to selectively isolate and store a pre-determined ion in time. This facilitates 
the employment of effective collision induced dissociation experiments,133-137 as well 
as gas-phase ion–molecule reactions138-140 including H/D exchange reactions and 
various complexation reactions.141-145 
 
In the case of host–guest complexation studies, the most severe limitation of ESI mass 
spectrometry is the demand for pre-existing charge. Basically, this means that one of 
the interacting species must carry a charge or else be easily charged without interfering 
with the interaction between the host and the guest under study. A second problem 
arises from quantifying the species present in the solution. Even though several reports 
indicate that mass spectrometry reflects the solution-phase properties of complexes, 
123,125,146 obtaining the right idea of the solution-state situation requires that attention is 
paid to both experimental conditions and interpretation of mass spectral data. 
Differences in ionization efficiencies and solvation energies, mass discrimination, 
unspecific clustering, changes in vibrational modes of ions, and internal energy 
distribution deposited on ions can distort the information obtained by mass 
spectrometry.147,148 However, in the case of a relatively small guest interacting with a 
large host, ionization efficiency and mass discrimination effects can be considered 
negligible.149 ESI MS has also been stated to be relatively reliable in comparison of 
structurally and chemically similar systems.123 
 
In past years, mass spectrometry has been used in studies of various host–guest 
complexes. Metal ion complexes of crown ethers have been particularly widely 
studied,150-156 but also complexes of resorcarenes,64,69,70,72,157-162 cavitands,102-104,163-166 
and calixarenes have been studied.167-169 
 
1.5 Aims of the study 
 
The capability of resorcarene derivatives to serve as host molecules and the 
characteristics of their noncovalent complexes were the main focus of this study. 
Particular attention was paid to the structural features of the hosts that contribute the 
complex formation and stability.  
 
The complex formation of tetratosylated tetraethyl and tetramesityl sulfonated 
tetramethyl resorcarenes was studied with alkylammonium ions varying in length and 
degree of substitution. Besides the form and strength of the interaction, the effect of the 
steric restriction of the host was evaluated. The goal was the attainment of an overall 
understanding of the chemistry of these complexes through combination and 
comparison of the results obtained by various independent experiments.  
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The cavitands that were studied are under development for use as alcohol-detecting 
mass-sensitive supramolecular sensors for the wine industry. These mass-sensitive 
devices operate at the solid–gas interface, and mass spectrometric investigations were 
expected to give information about the gas-phase properties of alcohol–cavitand 
complexes, which is difficult to achieve by other methods. Accordingly, attention was 
focused on the effects of the number and position of the phosphonate moieties and their 
orientation with respect to the cavity, and on the specificity of the cavitands toward 
alcohols varying in length and substitution. 
 
An additional interest was to evaluate the extent to which mass spectrometry can be 
employed to determine the form of interaction and position of the guest in 
supramolecular complexes. Ion–molecule reactions are promising tools for the study of 
supramolecular complexes and the information they offer was of particular interest.  
 
 
2. MATERIALS AND METHODS 
2.1 Resorcarenes 
 
Resorcarenes (Figure 1) were provided by Prof. Kari Rissanen, University of 
Jyväskylä, Finland. Their synthesis and characterization have been reported 
earlier.170,171 Resorcarene R1 is a tetratosylated resorcarene with ethyl substituents in 
the bridging methylene units. R2 is a tetramesityl sulfonated resorcarene with methyl 
substituents in the bridging methylene units. The molecular masses of R1 and R2 are 
1216.6 u and 1273.6 u, respectively.  
 
 
 
Figure 1. Structures of tetratosylated tetraethyl (R1) and tetramesityl sulfonated tetramethyl 
(R2) resorcarenes. 
 
According to previous studies by X-ray diffraction, NMR spectroscopy, and molecular 
modelling,170-172 resorcarenes R1 and R2 adopt C2v boat conformations, in which the 
unsubstituted resorcinol rings are arranged in almost parallel fashion and the 
substituents assume a propeller-like orientation. Both hosts have a tendency to form 
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intramolecular S=O···H-O hydrogen bonds between the substituents and the hydroxyl 
groups of the resorcinol rings, which makes the total conformation inherently chiral. 
 
Before the measurements, resorcarenes R1 and R2 were purified by Soxhlet extraction 
with H2O to eliminate the triethylamine remaining from their synthesis. They were 
then dissolved in CHCl3. Samples for measurement were prepared in acetonitrile with a 
concentration of 4.1 µM, and equimolar ratio of the species was used to avoid 
unspecific complexation. Acetonitrile was chosen as solvent because it is less polar 
than the more common ESI solvents. Because of its aprotic nature it was expected to 
cause minimum disturbance to the hydrogen bonding. For ion–molecule reactions and 
CID measurements, a host–guest ratio of 1:3 was occasionally used to ensure adequate 
intensity for isolation.  
 
2.2 Cavitands 
 
Cavitands were provided by Prof. Enrico Dalcanale, University of Parma, Italy. The 
cavitands were mainly phosphonate-bridged derivatives, and they varied in number and 
position of phenyl phosphonate bridges and the orientation of the bridges with respect 
to the cavity, the length of the lower rim alkyl chains, and substituents at apical 
positions of the resorcarene skeleton. Previously introduced nomenclature32 for the 
cavitands is used. The capital letters (M, AB, AC, T) define the number and positions 
of the P=O bridges, the lower case letters (i, o) define the in-out stereochemistry at 
each phosphorus center, and R, R1, and R2 in brackets define the substituents at the 
lower rim, in the apical positions, and on the P(V) stereocenters, respectively (see 
Figure 2).  
 
Synthesis and characterization have been reported for Mi[C11H23, H, Ph],  Mo[C11H23, 
H, Ph], ABii[C11H23, H, Ph], ABio[C11H23, H, Ph], and ABoo[C11H23, H, Ph].109, 110 
The preparation and characterization of ABii[H, CH3, Ph], ACii[H, CH3, Ph], 
ACio[H, CH3, Ph], Tiiii[C11H23, H, Ph ], Tiiii[CH3, H, Ph], and TSiiii[C11H23, H, 
Ph] will be published.  
 
Cavitands were dissolved in toluene. Samples for measurement contained 0.5–1.0% 
(v/v) trifluoroacetic acid (TFA), 30–100% (v/v) suitable alcohol, and, correspondingly, 
0–70% (v/v) acetonitrile (ACN). Cavitand concentration in samples was 2.0–4.0 µM.  
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Figure 2. Structures of cavitands studied. Earlier introduced nomenclature is used: Mx, ABxx, 
ACxx, Txxxx, TSxxxx[R, R1, R2].32 
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2.3 Chemicals 
 
Most of the alkylammonium ions were commercially available and were used as their 
chlorides (Figure 3). Chlorides of dipropylammonium and cyclohexyl ammonium were 
prepared from corresponding amines and hydrochloric acid (HCl). All alkylammonium 
chlorides were dissolved in methanol and then diluted in acetonitrile. 
 
Figure 3. Alkylammonium ions studied. 
 
For cavitand complexation methanol (MeOH), ethanol (EtOH), n-propanol (PrOH), 
sec-propanol (sec-PrOH), n-butanol (BuOH), sec-butanol (sec-BuOH), t-butanol (t-
BuOH), pentanol (PenOH), hexanol (HexOH), and heptanol (HepOH) were used. All 
of the alcohols, acetonitrile (ACN), trifluoroacetic acid (TFA), acetic acid (HA), 
trifluoroethanol (TFE), toluene, water, propyl- and tripropylamines, and chloroform 
(CHCl3) were commercially available and they were purum or HPLC grade. MeOD-d4 
contained 99.8 atom-% and ND3-d3 minumum 99 atom-% deuterium. 
 
2.4 ESI FTICR mass spectrometry 
 
All mass spectrometry experiments were performed with the BioApex 47e Fourier 
transform ion cyclotron resonance mass spectrometer equipped with an InfinityTM cell, 
a passively shielded 4.7 tesla 160 mm bore superconducting magnet, and an external 
ApolloTM electrospray ionization source manufactured by Bruker Daltonics (Billerica, 
MA, USA). The required 1·10-9 torr vacuum was maintained by rotary vacuum pumps 
and turbomolecular pumps supplied by Edwards (Edwards High Vacuum International, 
Crawley, UK). The sample was introduced to a 70˚ off-axis sprayer (stainless steel 
metal capillary) through a syringe infusion pump (Cole-Parmer 74900 series, Cole-
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 16
Parmer Instrument Company, Vernon Hills, IL) at a flow rate of 1.5 µL min-1. Room 
temperature nitrogen (N2) was used as nebulizing and counter-current drying gas.  
 
Experimental parameters were kept as constant as possible to maintain comparable 
conditions. Generated ions were collected at the end-plate electrode (-3.8 to -4.0 kV) 
and passed through a dielectric glass capillary (entrance and exit potentials -4.0 to -4.4 
kV and 100 to 350 V, respectively). After that, ions were focused with a skimmer 1 (18 
V), pre-hexapole, skimmer 2 (7 V) to a (rf) hexapole (5.2 MHz, 550-600 Vp-p), which 
was used to accumulate the ions for a predefined time (1 s). From the hexapole, ions 
were extracted from the ion source and transferred to an ICR cell by electrostatic 
focusing of transfer optics. In the ICR cell, ions were trapped using SidekickTM 
technique before conventional frequency sweep excitation and broadband detection. 
Data sets of 256 k consisting of 16 or 32 summed scans were generally used. The 
measurements and data handling were accomplished with Bruker XMASS software 
version 6.0.2.  
 
In collision induced dissociation (CID) experiments, collisionally cooled precursor ions 
were isolated by the CHEF (correlated harmonic excitation fields) procedure.173 
Isolated ions were allowed to return to their radius during 3.0 s delay, translationally 
activated by an on-resonance radio frequency (rf) pulse and allowed to collide with 
pulsed argon (Ar) background gas. Each spectrum was a collection of 32 summed 
scans. The parameters of the pulse program were kept constant to maintain comparable 
conditions. Single-frequency excitation shots were observed to bring a variable amount 
of additional energy to complexes, and their use was therefore avoided and 
monoisotopic isolations were not pursued. Center-of-mass energy (Ecom) values were 
calculated from experimental parameters using equations presented earlier.133, 135 Peak-
to-peak voltage of the excitation RF pulse was measured directly from the output of the 
RF amplifier. The infinity cell was defined as having a diameter of 6 cm and 
geometrical factor of 0.897. Duration of the excitation pulse was 2 ms. 
 
Single collisions during the CID were pursued by tuning. The actual number of 
collisions and the collision frequency were not, however, calculated. Absolute 
dissociation constants were not aimed at this study. The measurements were performed 
under identical conditions and closely similar systems (in terms of ionic radius, mass 
etc.) were compared to obtain information about the relative stability. Even though 
multiple collisions likely dampen the kinetic energy of the ions and reduce the 
efficiency of collisions, in the case of relative stability data the number of collisions is 
not likely to affect the results. 
 
In ion–molecule reactions the neutral amine was introduced to the cell via a variable 
leak inlet valve and the pressure was allowed to rise to 5·10-8 torr, where it was kept 
constant. Ions were isolated as in CID experiments and allowed to react with neutral 
reagent with delay times from 0.1 up to 300 s. The spectra consisted of 2, 4, 8, or 16 
scans. The number of scans was varied according to the reaction delay needed, while 
keeping the time of the experiment convenient. Variation in the number of scans was 
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not observed to influence the relative intensities (r.I.) in resulting spectra. All the 
spectra were background corrected. The decay of the relative abundance of the reactant 
ion as a function of time was used to deduce the reaction rate constant (kobs). The 
pressure readings for the neutral reagent were corrected with the measured geometrical 
correction factor of propylamine. Theoretical reaction rate constants (ktheor) were 
calculated using the Average Dipole Orientation (ADO) theory proposed by Bowers et 
al.174 The dipole moment for tripropylamine measured at room temperature and in 
liquid was used in calculations.175 Relative reaction efficiencies (keff) were calculated as 
ratio kobs/ktheor. 
 
For gas-phase H/D exchange reactions with ND3, the experimental procedure was the 
same as with amines, but single frequency excitation shots were used to achieve 
monoisotopic isolations.  
 
 
3. ALKYLAMMONIUM COMPLEXES OF 
RESORCARENES 
3.1 Complex formation with alkylammonium ionsII, IV 
 
Resorcarenes R1 and R2 formed noncovalent complexes with all singly charged  
alkylammonium ions. In Figure 4 ESI mass spectra recorded from solutions containing 
R1 and dHex and R2 and tEt are presented. Complex formation with cyclo, dPr, 
etylen, and hexmet was investigated only with resorcarene R1. Of these etylen and 
hexmet were not observed to form complexes in any conditions. The 1:1 complex was 
the most abundant in every case, but the minor formation of 2:1 dimeric complexes 
consisting of two host molecules and one guest ion was also observed (see section 3.8). 
Higher multimers were not found. Table 1 presents experimental and theoretical m/z 
values of the 1:1 complexes and the relative intensities of the peaks corresponding to 
alkylammonium complexes. 
 
 
Figure 4. ESI mass spectrum recorded from solution containing a) R1 and dHex, and 
b) R2 and tEt. 
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The composition of the alkylammonium ion complexes was confirmed by comparing 
the experimental monoisotopic m/z values and isotopic patterns with theoretical values 
calculated on the basis of natural abundances. According to their isotopic distributions 
all ions were singly charged. The mass differences between the experimental (Mexp) 
and theoretical values (Mtheor) were sufficiently small (<0.18 Da) to conclude that the 
ions were truly noncovalent alkylammonium complexes, although exact mass 
measurements and more precise calibration would have produced a more convincing 
results. The composition of the complexes was also verified on the basis of their 
isotopic patterns. 
 
In addition to alkylammonium complexes, 1:1 and 2:1 adduct ions with NH4+, Na+, K+, 
and Cu(I)+ were often observed, as can be seen in Figure 4. These ions arise from 
unavoidable impurities in the system, and their intensity varies with time, mostly 
depending on external factors. The relative and absolute intensities of the ions could 
not easily be compared on the basis of separate measurements, therefore.  
 
Table 1. Experimental and theoretical m/z values, and relative intensities (r.I.) of the singly 
charged 1:1 alkylammonium complexes with resorcarenes.  
Ion Mtheor Mexp r.I. 
 m/z m/z  
[R1 + mMe]+ 1248.3573 1248.3270 0.08 
[R1 + dMe]+ 1276.3729 1262.3450 0.35 
[R1 + tMe]+ 1276.3884 1276.3825 0.89 
[R1 + mEt]+ 1262.3729 1262.3328 0.40 
[R1 + dEt]+ 1290.4041 1290.4394 0.16 
[R1 + tEt]+ 1318.4354 1318.4850 1.00 
[R1 + dPr]+ 1318.4354 1318.5550 1.00 
[R1 + dBu]+ 1346.4668 1346.4758 1.00 
[R1 + dHex]+ 1402.5295 1402.4910 1.00 
[R1 + cyclo]+ 1316.4198 1316.5704 1.00 
[R2 + mMe]+ 1304.4198 1304.5998 1.00 
[R2 + dMe]+ 1318.4354 1318.5890 0.38 
[R2 + tMe]+ 1332.4511 1332.6007 0.83 
[R2 + mEt]+ 1318.4354 1318.5821 1.00 
[R2 + dEt]+ 1346.4667 1346.6322 0.42 
[R2 + tEt]+ 1374.4989 1374.6621 0.67 
[R2 + dBu]+ 1402.5293 1402.6464 0.62 
[R2 + dHex]+ 1458.5919 1458.7045 1.00 
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3.2 Complex formation with arylammonium ionsIII 
 
Complex formation with arylammonium ions was investigated only with resorcarene 
R1, which easily formed 1:1 complexes with all of them. As with alkylammonium 
ions,  dimeric [R1·R1 + guest]+ complexes were observed as well. The m/z values of 
the peaks corresponding to noncovalent complexes, the theoretical values, and the 
relative intensities of the complexes are presented in Table 2. 
 
Table 2. Experimental and theoretical m/z values and relative intensities (r.I.) values of the 
singly charged 1:1 arylammonium complexes with resorcarene R1.  
Ion Mtheor Mexp r.I 
 m/z m/z   
[1 + anil]+ 1310.3728 1310.5308  1.00 
[1 + o-phen]+ 1325.3837 1325.5343 1.00 
[1 + m-phen]+ 1325.3837 1325.5258  1.00 
[1 + p-phen]+ 1325.3837 1325.5151  1.00 
 
Only singly charged ions were observed, even with o-, m-, and p-phenylene 
diammonium ions, which originally had two ammonium groups attached to the 
aromatic ring. These diammonium ions formed complexes as singly charged phenylene 
aminoammonium ions. In the gas phase, the ions most likely lost a proton from one of 
the ammonium groups to decrease the repulsion between the two charged sites, and for 
that reason only singly charged species were observed. Similar behavior in mass 
spectrometric measurements to that of these ions has been observed earlier.160 
 
In addition to the peak at the expected m/z value of 1325, addition of o-phen or p-phen 
to the measurement solution gave rise to peaks at m/z values 1323 and 1324, which 
correspond to complexes containing oxidized forms of these guest ions (Figure 5). 
Aromatic diamines are easily oxidized by a variety of oxidizing agents, as well as by 
air. The measurements showed that the ions are oxidized either during the electrospray 
process due to the electrolytic nature of the ESI source, or else their oxidation rate in 
solution is relatively fast. The ions were oxidized also without the influence of the host 
and the extent of the oxidation was dependent on the stability of the oxidation products 
formed and the oxidation rates of the ions, which have been previously reported.176,177 
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Figure 5. Spectra measured from solution containing R1 and a) m-phen, b) o-phen, and d) 
anil. 
 
The importance of tosylium substituents in the complexation of resorcarene R1 is 
underlined by the earlier observed failure of unsubstituted tetraethyl resorcarene to 
form complexes with the oxidized forms of p-phen and o-phen. 160 
 
3.3 Competition experiments with resorcarenesIV  
 
Competition experiments with resorcarenes R1 and R2 were carried out to determine 
preferences in complex formation. The experimental details can be found in the paper 
IV. 
 
In competition experiments between the two resorcarene hosts, the selection of guests 
was limited by the overlapping m/z values of the complexes, and only the guests mMe, 
tMe, dEt, and dBu were included. According to the results (Figure 6), in every case 
the complex formation with tetratosylated resorcarene R1 is clearly preferred over that 
with tetramesityl sulfonated resorcarene R2, and the relative intensities of the 
complexes were similar regardless of the selected guest ion.  
 
The preference for complex formation with resorcarene R1 could be due to the steric 
hindrance that the mesityl substituents of host R2 induce at the binding site, or to the 
difference in proton affinities between the two hosts. In principle, host R2 should have 
a higher proton affinity than host R1 due to the methyl groups in the mesityl 
substituents. According to CID results (see section 3.6), however, the proton affinities 
of the two hosts are closely similar. The differences in complex formation can thus be 
attributed to the hindrance caused by the methyl groups in the substituents of R2. 
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Figure 6. Results of a competition experiment between hosts R1 and R2. Bars show relative 
percentages of the complexes. 
 
3.4 Competition experiments with alkylammonium ionsII, IV 
 
Competition experiments with resorcarene hosts and alkylammonium ions were carried 
out to determine preferences in complex formation. The experimental details can be 
found in the respective papers II and IV. 
 
In the case of resorcarene R1, the relative abundance of the complexes is mainly 
dependent on the length of the alkyl chains and the degree of substitution (Figure 7). 
This is attributed to the decreased solvation of ammonium ions with longer alkyl chain 
and higher degree of substitution or the increased possibility for stabilizing CH-π 
interactions. Proton affinity of conjugate amines of ammonium ions increases in order 
of observed preference in complex abundancy. The differences in response factors of 
alkylammonium ions seemed not, however, large enough to explain the trend in 
complexation. 
 
The effect of the length of the alkyl chain seems to be identical for resorcarenes R1 and 
R2, and the formation of complexes with dialkylammonium ions increases in the order 
dMe ≈ dEt < dBu < dHex (Figures 7 and 8). The effect of the degree of substitution 
appears to be opposite with the two resorcarenes. With resorcarene R2 the formation of 
complexes with methyl- and ethyl-substituted ammonium ions decreases in the order 
primary > secondary > tertiary, which clearly implies the importance of steric factors 
in complex formation. The increased complex formation with longer chain 
alkylammonium ions is most likely due to reduced solvation of these ions, which 
facilitates the complex formation process in solution improving the response of these 
ions in electrospray ionization. It is also reasonable to assume that ions dBu and dHex, 
owing to their large size, are complexed in different manner or in different location 
from the other alkylammonium ions. 
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Figure 7. Results of competition experiments involving alkylammonium ions and host R1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Results of competition experiments involving arylammonium ions and host R2. 
[R1 + mMe]+
100
50%
0
[R1 + dMe]+
%
0
100
50
[R1 + dMe]+
[R1 + tMe]+
%
0
100
50 [R1 + dEt]+
[R1 + mEt]+
%
0
100
50
[R1 + dEt]+
[R1 + tEt]+
100
50%
0
[R1 + dMe]+
[R1 + dEt]+ %
0
100
50
[R1 + dEt]+
[R1 + dBu]+
%
0
100
50
[R1 + dBu]+
[R1 + dHex]+
[R2 + mMe]+
[R2 + dMe]+
100
50%
0
%
[R2 + dMe]+
[R2 + tMe]+
100
50%
0
%
[R2 + dEt]+
[R2 + mEt]+100
50%
0
%
[R2 + tEt]+
[R2 + dEt]+100
50%
0
%
[R2 + dMe]+
[R2 + dEt]+
100
50%
0
%
[R2 + dEt]+
[R2 + dBu]+100
50%
0
%
[R2 + dBu]+
[R2 + dHex]+100
50%
0
%
 23
3.5 Competition experiments with arylammonium ionsIII 
 
Competition experiments with resorcarene host R1 and arylammonium ions were 
carried out to determine preferences in complex formation. The complex formation 
ability of R1 with aromatic guests was also compared with that of nonaromatic 
ammonium ions (tEt, dPr, cyclo, and dHex) in bilateral experiments. The 
experimental details can be found in the paper III. 
 
All nonaromatic guests formed complexes with R1 more efficiently than did aromatic 
anilinium (Figure 9). Complexation of m-phen was also less than that of dHex. Within 
the limits of accuracy, cyclo and m-phen were equally efficient complex formers. The 
aromatic aminoammonium ions m-phen and o-phen formed complexes with 
resorcarene R1 much more efficiently than did anil. The p-phen ion formed complex 
ion less abundantly than anil, but in this case the complex formation may have been 
affected by the formation of oxidized forms of p-phen which do not necessarily 
complex with R1 as well as the nonoxidized forms.  
 
Figure 9. Results of competition experiments involving arylammonium ions and host R1. 
 
Competition experiments among alkylammonium ions (see section 3.4) suggested that 
either the different solvation of the ions or increased number of conformations that are 
able to form favorable CH-π interactions is responsible for the trend observed in 
complexation. Among the arylammonium ions, solvation is not likely to induce 
significant differences between the ions. If the solvation of alkyl- and arylammonium 
ions is assumed to be similar, according to these results possible π-π interactions 
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between the host and aromatic guests appear to be less important than CH-π 
interactions with aliphatic guests. The existence of a second NH2 group in the guests o-
phen and m-phen also seems to enhance the complexation. Guest p-phen constitutes 
an exception, but as noted above, its strong tendency to oxidize probably complicates 
its complexation with R1. 
 
3.6 Collision induced dissociation 
 
CID experiments were performed with alkyl- and arylammonium complexes to 
estimate and compare the strength of the complexation with different guest ions. The 
ability of CID experiments to reveal the factors affecting the gas-phase stability of the 
complexes was also of interest. Dissociation behavior of the complexes was compared 
and Ecom50% values, which represent the energy where half of the ions have dissociated, 
were calculated.   
 
 
3.6.1 CID of complexes containing alkylammonium ionsII, IV 
 
CID experiments were performed with complexes of resorcarenes R1 and R2 with the 
alkylammonium ions mMe, dMe, tMe, mEt, dEt, tEt, dBu, and dHex to estimate and 
compare the strength of the complexation with different guest ions. CID experiments 
were also performed with resorcarene R1 complexes containing dPr and cyclo as 
guests.  
 
CID spectra of the alkylammonium complexes of R1 revealed three types of behavior. 
i) Spectra of [R1 + mMe]+ showed fragment ions from dissociation of the host. These 
ions were similar to those formed in dissociation of the [R1 + H]+ ion. ii) Spectra of 
[R1 + dMe]+ and [R1 + mEt]+ showed fragment ions from dissociation of the host and 
the intact free alkylammonium ion. iii) In the spectra of [R1 + dEt]+, [R1 + tMe]+, [R1 
+ tEt]+, [R1 + dBu]+, and [R1 + dHex]+, only the released intact alkylammonium ion 
was observed. Figure 10 presents typical spectra of these three types of dissociation 
and, for comparison, the dissociation of [R1 + H]+.  
 
Alkylammonium complexes of resorcarene R2 dissociated in a similar manner to those 
of resorcarene R1. Complexes [R2 + mMe]+ and [R2 + mEt]+ produced [R2 + H]+ and 
product ions from the dissociation of the host. The rest of the complexes produced only 
the intact alkylammonium ion as product.  
 
The dissociation behavior of the complexes appears to follow the order of proton 
affinity of the alkylamine corresponding to the alkylammonium ion used as guest 
(proton affinities presented in Table 3, page 25). The lower the proton affinity of the 
conjugate amine the easier is the donation of proton to the host, and the greater the 
tendency for dissociation of the host. Alkylammonium ions whose conjugate amines 
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possess higher proton affinities hold the proton tighter and the intact alkylammonium is 
released. 
 
Figure 10. Three types of behavior in dissociation. Isolation and CID spectra of a) [R1 + H]+, 
b) [R1 + mMe]+, c) [R1 + dMe]+, and d) [R1 + dHex]+. Fragment ions from the host marked 
with an asterisk (*). 
 
Dissociation curves of the complexes (Figure 11) show the stability of the complexes 
formed with methyl substituted ammonium ions to follow the order dMe > mMe > 
tMe. The order in the ethylammonium group is mEt > dEt > tEt. Comparison of the 
complexes formed with dialkylammonium ions of different length reveals that the 
stability of complexes decreases as the length of the alkyl chain increases, and the 
stability order is thus dMe > dEt > dBu > dHex. Stability of the complexes formed 
with R2 followed the same order as the complexes formed with R1. 
 
 
Figure 11. Dissociation curves of alkylammonium complexes of R1: a) methylammonium 
complexes, b) ethylammonium complexes, and d) dialkylammonium complexes. 
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Overall, the behavior and stability of alkylammonium complexes of resorcarenes 
would seem to be defined by the proton affinities of the interacting species, and the 
complexes behave as hydrogen bonded dimers as defined in the kinetic method of 
Cooks et al.178 The CID experiments strongly imply that hydrogen bonding is the main 
interaction mode in the complexes. In a hydrogen bonded complex, CID only measures 
the strength of the hydrogen bond that is formed, which is mainly dependent on the 
difference between the proton affinities of the host and the guest. The greater the 
difference in the proton affinities of the resorcarene and the conjugate amine of the 
guest, the weaker is the hydrogen bond between them, and the more unstable the 
complex.   
 
The results of the CID experiments are summarized in Table 3. From Table 3 it can be 
concluded that these two hosts possess closely similar proton affinities despite the 
structural differences. Comparison of dissociation of the complexes formed with 
resorcarenes R1 and R2 shows that complexes formed with resorcarene R2 are slightly 
more stable in CID than complexes formed with resorcarene R1. This might be due to 
the slight difference in proton affinities of the two hosts or the steric hindrance that 
methyl substitutents in host R2 produce, hindering the release of the guest.  
 
Table 3. Comparison of Ecom50% values of alkylammonium complexes of R1 and R2. 
  Resorcarene R1 Resorcarene R2 
ion PA[c] Ecom50% [a] R2[b] 
H+   
donation 
Ecom50% [a] R2[b] 
H+  
donation 
H+ --- 8.84 0.9988 --- --- --- --- 
mMe 899.0 14.95 0.9932 yes 15.71 0.9973 yes 
mEt 912.0 14.67 0.9967 yes 16.29 0.9877 yes 
dMe 929.5 18.64 0.9976 yes 22.95 0.9733 no 
cyclo 934.4 14.56 0.9980 no --- --- --- 
tMe 948.9 12.13 0.9981 no 13.13 0.9977 no 
dEt 952.4 13.54 0.9983 no 11.43 0.9884 no 
dPr 962.3 9.37 0.9987 no --- --- --- 
dBu 968.5 8.46 0.9991 no 9.07 0.998 no 
dHex *** [d] 7.15 0.9991 no 8.01 0.9984 no 
tEt 981.8 6.54 0.9991 no 7.47 0.9952 no 
anil 882.5 9.23 0.9997 yes --- --- --- 
o-fen 896.5 10.70 0.9991 yes --- --- --- 
p-fen 905.9 9.83 0.9992 yes --- --- --- 
m-fen 929.9 9.74 0.9984 yes --- --- --- 
[a] Activation energy where half of the complex is dissociated (eV). 
[b] Correlation of fitting curve, R2.  
[c] Proton affinity of corresponding amine (kJ mol-1).179 
[d] Value not available. 
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3.6.2 CID of complexes containing arylammonium ionsIII 
 
In dissociation of complexes with arylammonium ions, the product ions were observed 
to depend on the proton affinities of the conjugate amines. The same was observed 
with alkylammonium ions. In the CID spectra of ions [R1 + anil]+ and [R1 + o-phen]+, 
only product ions from the dissociation of the protonated host were observed. Ions [R1 
+  m-phen]+ and [R1 + p-phen]+, in turn, produced product ions from dissociation of 
the protonated host and the intact free ammonium ion. In the CID spectra of [R1 + p-
phen]+, besides the peak corresponding to intact free ammonium ion at m/z 109 a 
further peak was seen at m/z 108, corresponding to the oxidized form of p-phen. In 
fact, the peak at m/z 108 was clearly more intense than the assumed dissociation 
product, the peak at m/z 109. This suggests that intact p-phen also oxidizes during the 
CID process.  
 
Ecom50% values calculated from the dissociation curves of complexes formed with 
arylammonium ions show no marked stability differences between the ions (Table 3). 
Comparison with Ecom50% values of complexes formed with alkylammonium ions, 
however, shows that the complexes formed with arylammonium ions are of lower 
stability than those formed with alkylammonium ions, even if comparison is made with 
alkylammonium ions of similar proton affinity. Evidently, it is not only the proton 
affinity of the corresponding amine that determines the gas-phase stability of the 
complexes. The aromaticity of the ions appears to decrease their gas-phase stability, 
although their behavior in the CID experiments implies the importance of hydrogen 
bonding in the complexes. The relatively inflexible structure of arylammonium ions 
probably means that, unlike alkylammonium ions they are unable to change 
conformation and so maximize the favorable interactions with the host. The size and 
shape of arylammonium ions may also cause them to locate differently in the complex, 
and, their gas-phase stability would be reduced relative to alkylammonium ions due to 
decreased macrocyclic effect. This also raises the question as to whether the favorable 
CH-π interactions in complexes formed with alkylammonium ions would have an 
impact on the gas-phase stability of the complexes in a CID experiment.  
 
3.7 Ion–molecule reactions 
 
3.7.1 Guest-exchange reactionsII 
 
Gas-phase ion–molecule reactions with tripropylamine (143.3 u) as reagent were 
carried out to obtain additional information about the structure and formation of 
resorcarene R1 complexes with alkylammonium ions. Tripropylamine was chosen as 
neutral reagent because of its relatively high proton affinity (991.0 kJ mol-1)179 and the 
suitability of the m/z value of [R1 + Pr3NH]+. Ion–molecule reactions with 
tripropylamine were performed with the complexes [R1 + mMe]+, [R1 + dMe]+, [R1 + 
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tMe]+, [R1 + mEt]+, [R1 + dEt]+, [R1 + tEt]+, [R1 + dBu]+, [R1 + dHex]+ and the 
protonated host [R1 + H]+.  
 
In ion–molecule reactions with tripropylamine, all alkylammonium ion complexes 
exchanged the original guest ion for tripropylammonium, and all the reactions went to 
completion. Spectra recorded from ion–molecule reactions between [R1 + tEt]+ and 
tripropylamine are presented in Figure 12. There are few feasible reaction pathways for 
this kind of guest-exchange reaction to occur through dissociation of the complex, but 
since no traces of ions [R1 + H]+ or [R3NH]+ were observed it is assumed that the 
reaction pathway includes a short-lived collision complex where a proton from the 
original guest is transferred to tripropylamine.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Spectra recorded from the ion–molecule reaction between [R1 + tEt]+ and Pr3NH. 
 
Guest-exchange reactions were observed as a function of time and the reaction rate 
constants and efficiencies were calculated (Table 4). Comparison of the 
methylammonium complexes shows a clear decrease in the reaction rate constants in 
the order [R1 + mMe]+ > [R1 + dMe]+ > [R1 + tMe]+. Comparison of the 
ethylammonium complexes shows the same order, but the difference between [R1 + 
dEt]+ and [R1 + tEt]+ is slight. In the case of the secondary alkylammonium 
complexes, the reaction of [R1 + dHex]+ is clearly slowest. There is virtually no 
difference between [R1 + dEt]+ and [R1 + dBu]+, while the reaction of  [R1 + dMe]+ 
is slightly faster than the reactions of [R1 + dEt]+ and [R1 + dBu]+. Table 4 also 
includes the reaction rate constant of [R1 + H]+ ion, which is predictably much higher 
than the reaction rate constants of the alkylammonium complexes.  
 
If all three interacting species in the collision complex were connected by the same 
proton, a competition would exist among the three species and their proton affinities 
would likely control the formation of the products. Since, however, the proton affinity 
of the host lies somewhere between the proton affinities of methylamine and 
trimethylamine, one would expect, especially with larger alkylammonium ions, that the 
product ion would then be [NR3 + Pr3NH]+ not the [R1 + Pr3NH]+ ion that was 
observed. Judging from the reaction rates, there is more likely a competition between 
the original guest and tripropylammonium, and the difference in proton affinities of the 
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competing guests affects the reaction rate of the guest-exchange reaction. The greater 
the difference in proton affinities, the easier the transfer of the proton from the original 
guest to tripropylamine and the faster the reaction. Besides the proton affinity, the 
reaction rates are evidently affected by the steric properties of the original guest ions. 
When two or more alkyl groups surround the proton to be exchanged, it is difficult for 
the neutral amine to approach close enough to initiate the reaction. Reaction rates are 
clearly highest with [R1 + mMe]+ and [R1 + mEt]+ complexes, which have three 
easily available protons for the reaction and relatively low proton affinities. Reaction 
rates of the sterically most hindered complexes, [R1 + tEt]+, [R1 + tMe]+ and [R1 + 
dHex]+, are the slowest. 
 
Table 4. Experimental rate constants and reaction efficiencies for guest-exchange reactions 
with tripropylamine 
 
 
 
 
 
 
 
 
 
 
 
 
[a] Experimental rate constants in units 10-10 cm3s-1mol-1. 
[b] Relative reaction efficiencies keff calculated as ratio kobs/ktheor 
 
 
3.7.2 H/D exchange reactionsII, IV 
 
Gas phase H/D exchange reactions were performed to complexes [R1 + Na]+, [R1 + 
H]+, [R1 + mEt]+, [R1 + dEt]+, [R1 + tEt]+, [R2 + mEt]+, [R2 + dEt]+, and [R2+ 
tEt]+ with ND3 as reactant gas to clarify the importance of hydrogen bonding in 
alkylammonium complexes. Monoisotopic isolations were used to simplify the 
interpretation of the H/D exchange spectra despite the additional energy that single-
frequency excitation shots were observed to bring to the complexes. 
 
In the complexes of host R1, the number of exchanged hydrogens was correspondent 
to the number of basic hydrogens present in the guests (Figure 13). With [R1 + mEt]+ 
(d0), three H/D exchanges (d1, d2,  and d3) were observed within 5 minutes reaction 
time. Correspondingly, with [R1 + dEt]+ and [R1 + tEt]+, two and one H/D exchanges 
were observed within the same reaction time.  H/D experiments were also performed 
with ions [R1 + H]+ and [R1 + Na]+ to clarify the location of the exchanged hydrogens. 
 kobs[a]  keff [b]
[R1 + mMe]+ 5.50 0.57 
[R1 + dMe]+ 0.619 0.06 
[R1 + tMe]+ 0.271 0.03 
[R1 + mEt]+ 2.31 0.24 
[R1 + dEt]+ 0.581 0.06 
[R1 + tEt]+ 0.491 0.05 
[R1 + dBu]+ 0.595 0.06 
[R1 + dHex]+  0.109 0.01 
[R1 + H]+  12.8 0.85 
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In the reaction of [R1 + H]+, only peaks corresponding to adduct ions [R1 + ND3 + H]+ 
and [R1 + ND3 + D]+ were observed in the spectra. Spectra from the reaction of [R1 + 
Na]+ with neutral ND3 showed no traces of hydrogen exchange. From this it seems 
clear that the exchanged hydrogens in the complexes are precisely the hydrogens of the 
guest ions. This also implies that the resorcinol hydrogens of R1 participate in 
intramolecular hydrogen bonding in the gas phase. Similar behavior in H/D exchange 
reactions has earlier been observed with unsubstituted resorcarene.73,162 
 
 
Figure 13. H/D-exchange spectra. a) [R1 + mEt]+, b) [R1 + dEt]+, c) [R1 + tEt]+, and [R1 + 
Na]+. 
 
H/D exchange experiments with ethylammonium complexes of resorcarene R2 showed 
somewhat different behavior as compared with the corresponding complexes of 
resorcarene R1 (Figure 14). With [R2 + mEt]+, three H/D exchanges (d1, d2  and d3) 
were observed within 5 minutes reaction time, which is a similar result to that observed 
with resorcarene R1. Ions [R2 + dEt]+ and [R2 + tEt]+, on the other hand, were 
observed to exchange three and four hydrogens with deuterium, which implies that, 
partly or totally, the OH hydrogens of the resorcarene are also exchanged. Since the 
differences between the lowest energy conformations of the resorcarenes are small, the 
different behavior in the H/D exchange experiments with R1 and R2 most likely is due 
to the methyl groups in the mesityl substituents of resorcarene R2.  The methyl groups 
of the substituents cause the interaction site of the resorcarene to be sterically more 
hindered, and dEt and tEt, as relatively large guests, disturb the intramolecular 
hydrogen bonds so that exchange of the hydrogens of the OH groups of the resorcarene 
can occur. The mEt guest is probably small enough to be complexed without any 
disturbance of the intramolecular hydrogen bonding and only the hydrogens of the 
guest are exchanged.  
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Figure 14. H/D-exchange spectra. a) [R2 + mEt]+, b) [R2 + dEt]+, and c) [R2 + tEt]+. 
 
Earlier studies on the conformations of related compounds suggest that the lowest 
energy conformation of resorcarenes R1 and R2 would be boat conformation, allowing 
the formation of two pairs of intramolecular hydrogen bonds S=O···H-O.170-172 In boat 
conformation the guest ion would be located not in the middle but more at the stern of 
the boat, as was observed in the H/D exchange reactions of the present study. In stern 
position the guest ion could form a hydrogen bond with the S=O group of the host, and 
this location also offers multiple CH-π sites for interaction between the alkyl chains of 
the guest ion and the aromatic rings of the substituents of the host. In this position it 
would also be extremely likely that the methyl groups of the mesityl substituents would 
indeed push the large guest ions, causing them to disturb the intramolecular hydrogen 
bonds.   
  
Methyl groups of the mesityl substituents are not by themselves able to disturb the 
intramolecular hydrogen bonds since exchanges of the resorcinol hydroxyls were not 
observed with [R2 + mEt]+. Whether the exchanged hydrogens in the ions [R2 + dEt]+ 
and [R2 + tEt]+ are solely the hydrogens of hydroxyl groups of the host or NH 
hydrogens and part of the OH hydrogens is difficult to conclude on the basis of 
reaction rates and the number of exchanged hydrogens.  
 
Comparison of the reaction curves (Figure 15) reveals that with R1 exchange reactions 
for the last H/D exchange were extremely slow in all three cases, and this implies that 
hydrogen bonding plays a role in these complexes. Particularly, since single-frequency 
excitation shots were used, it could be assumed that isolated complexes gained 
additional energy, which presumably further accelerated the reaction. A definite 
conclusion for or against hydrogen bonding cannot, however, be drawn on the basis of 
these results alone. 
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Figure 15. Relative intensities in an H/D exchange experiment as a function of reaction time 
(s). a) [R1 + mEt]+, b) [R1 + dEt]+, and c) [R1 + tEt]+. 
 
3.8 Resorcarene dimersI, III, IV 
 
Besides 1:1 complexes formation of dimeric 2:1 ions was observed with both 
resorcarenes and most of the guest ions. Only hexmet and etylen did not form dimeric 
complex ions. Dimeric complexes were also observed to form with ions originating 
from impurities, such as Na+, K+, and NH4+. Higher multimers were not observed. 
Since increasing the sample concentration did not increase the relative intensity of the 
2:1 ions, the formation of dimeric ions likely are specific in nature and the ions are not 
formed due to clustering effect.  
 
In the normal experimental conditions, intensity of R1 resorcarene dimers was about 
0.6 % of the intensity of [R1 + guest]+, except with p-fen, whose dimer had a tenfold 
intensity compared to intensities of other dimeric ions. With resorcarene R2 and 
alkylammonium ions the intensity of the dimeric ion was 1.4 to 5.7 % of the intensity 
of the corresponding monomeric ion. Noticeable differences between the guest ions in 
the formation of dimers were not observed. The spectrum of resorcarene R2 and dHex, 
showing also the dimeric ion, is presented in Figure 16. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. ESI mass spectrum recorded from solution containing R2 and dHex 1:1. The peak 
corresponding to dimer [R2·R2 + dHex]+ is shown enlarged.   
delay / s
0 50 100 150 200 250 300
%
0
20
40
60
80
100a)
d0
d1 d2 d3 %
0
20
40
60
80
100b) d0
d1 d2
delay / s
0 50 100 150 200 250 300
d0
d1
%
0
20
40
60
80
100c)
delay / s
0 50 100 150 200 250 300
1400 1900 2400 m/z
[R2 + dHex]+ [R2 R2 + dHex]
+
2730 m/z
 33
 
Experimental conditions markedly affected the intensity of the peaks corresponding to 
dimers. Only under extremely mild conditions was the formation of dimers observed 
with notable intensity. Reducing the temperature and flow of the drying gas and the 
flow of the nebulizer gas was observed to increase the intensity of the [M·M + guest]+ 
peak, although these conditions otherwise caused an unstable signal. As well, the 
solvent medium had a noticeable effect on the intensity of the dimeric ions.   
 
Shifting the solvent medium in a more polar direction caused the dimeric species to 
disappear. After the addition of even a minor amount of water (1-10%) to the 
acetonitrile solvent medium, the intensity of the dimeric ion peak decreased to less than 
half its original intensity. At the same time, the intensity of the peak corresponding to 
the 1:1 complex remained almost unchanged. This implies that intermolecular 
hydrogen bonding is involved in the dimeric ion.  
 
3.8.1 Dissociation of dimers 
 
CID experiments were performed with dimeric ions [R1·R1 + dEt]+, [R1·R1 + tMe]+, 
[R1·R1 + tEt]+, [R1·R1 + anil]+, [R1·R1 + o-fen]+, [R1·R1 + m-fen]+ and [R1·R1 + 
p-fen]+. Single-frequency excitation shots were used in isolation and possibly produced 
premature dissociation of the ions. Moreover, since the pulse program and RF 
amplifier were different from those used in CID experiments with monomeric ions, the 
collected Ecom50% values can be compared only for the dimers. 
 
All dimeric ions investigated dissociated, producing the corresponding monomeric 
complex, which dissociated further producing fragment ions similar to those of 
monomer (Figure 17). According to these experiments there is no reason to assume that 
the monomeric ions produced from dimeric ions by CID have different properties from 
those of the monomers whose behavior in CID was reported in section 3.6.   
 
 
Figure 17. Dissociation of dimeric ions a) [R1·R1 + tEt]+ and b) [R1·R1 + o-fen]+. 
 
From the dissociation curves of the dimers, it seems that other factors than proton 
affinity affect the stability of the dimers (Figure 18). Assuming that the guest ion is 
located between the two hosts in a sandwich-like structure, and that the two host 
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molecules are held together by direct hydrogen bonds between the OH hydrogens, the 
steric properties of the guest ions should have a marked effect on the stability of the 
dimeric structures. This indeed seems to be the case according to these results, 
although the research material is too limited for a definite conclusion.  
 
 
 
 
 
 
 
 
 
 
Figure 18. Dissociation curves of dimeric ions formed with a) alkylammonium ions and b) 
arylammonium ions. 
 
3.8.2 Guest-exchange reactions of dimers 
 
Gas-phase ion–molecule reaction with n-propylamine as neutral reagent was carried 
out with [R1·R1 + tEt]+ ion. Owing to the low intensity of the dimers, experiments 
were performed with only this one dimer, and the measurements as a function of 
reaction time were impossible and for that reason reaction rate constants were not 
calculated or evaluated. 
 
In the reaction, the ion [R1·R1 + tEt]+ was observed to exchange the original guest for 
propylammonium, giving rise to the peak corresponding to [R1·R1 + 
propylammonium]+ ion (Figure 19). This finding strongly indicates that the guest ion 
cannot be located in the middle of a dimeric structure that resembles a closed capsule. 
If that were the case, the observed exchange would require a dissociation of the dimer, 
interaction of tEt with propylamine, inclusion of the formed propylammonium ion, 
and, finally reformation of the dimeric structure and the connecting hydrogen bonds. In 
enthalpic and entropic terms, this would be a highly unfavorable process. If on the 
other hand the guest ion were located between the sterns of the two boats of which the 
dimer consists, the original guest ion could interact with the neutral reagent without 
disturbing the actual dimer structure.    
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Figure 19. Gas-phase reaction of [R1·R1 + tEt]+ with n-propylamine. 
 
 
4. ALCOHOL COMPLEXES OF CAVITANDSV 
 
The ability of phosphonate-bridged cavitands to form alcohol complexes was 
investigated with ethanol. Since both the host (cavitand) and the guest (alcohol) are 
neutral molecules, protonation was required for the measurements. Acetic acid was 
found to provide inadequate protonation, and trifluoroacetic acid (TFA) was used 
throughout the investigation, even though it impaired the signal to noise ratio (S/N) of 
the spectra. In earlier studies, related P(V) bridged cavitands were observed to possess 
noticeably higher proton affinities than alcohols.104 From that we reasonably assumed 
that protonation would occur expressly to the P=O oxygen of the cavitand, and that 
was indeed observed. 
 
All cavitands in which P=O oxygens of the substituents were directed only toward the 
interior of the cavity easily formed an ethanol complex [M + EtOH + H]+ (Figure 20). 
The observed m/z values and relative intensities of the peaks are presented in Table 5. 
 
 
 
 
 
 
 
 
 
Figure 20. Spectra recorded from solution containing ABii[C11H23, H, Ph] and EtOH. 
Theoretical isotope pattern is shown with a dotted line and experimental with a solid line. 
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In addition, various amounts of adduct ions [M + Na]+, [M + K]+, and [M + NH4]+ 
appeared in all spectra. Complexation of water molecules was also observed, 
depending on the number, orientation, and relative positions of the phosphonate 
substitutents. Only cavitands in which P=O oxygens of the substituents were directed 
solely toward the interior of the cavity formed complexes with water. Spectra of 
Tiiii[C11H23, H, Ph] showed peaks corresponding to ions [M + 2H2O + H]+, [M + H2O 
+ H]+ [M + 2H2O + Na]+, and [M + H2O + Na]+. Diphosphonated cavitands formed 
only complexes [M + H2O + H]+ and [M + H2O + Na]+. Complexation of water was not 
observed at all in the spectra of monophosphonated cavitand. The composition of water 
complexes was confirmed by CID and the increased abundancy of water complexes 
when H2O was added to the sample. 
 
Table 5. m/z values and relative intensities of ethanol, water, and ammonium complexes 
observed in spectra measured from samples containing cavitand, ethanol, acetonitrile (ACN), 
and TFA. 
*** not observed 
 
The composition of the alcohol complexes was confirmed by comparing the 
experimental monoisotopic m/z values and isotopic patterns with the theoretical values 
calculated on the basis of natural abundances. All ions were singly charged according 
to the isotopic distribution of the corresponding peaks. The experimental values were 
in good agreement with the theoretical values, and the ions studied can truly be 
considered as noncovalent host–guest complexes. 
 
The cavitands in which P=O oxygen(s) were directed only inwards formed alcohol 
complexes easily, whereas the cavitands in which one or both P=O groups were 
directed outwards from the cavity did not form ethanol complexes at all (Table 1). 
Theoretical calculations (see publication V) showed that when a P=O oxygen is 
directed outwards the phenyl ring of the phosphonate bridging group fills the cavity, 
effectively blocking it. Even with one inward-directed P=O group, as in cavitands 
ABio[C11H23, H, Ph] and ACio[H, CH3, Ph], complexation of ethanol within the 
Cavitand [M+H]+ [M+NH4]+ [M+EtOH+H]+ [M+H2O+H]+ [M+2 H2O+H]+ 
 m/z (r.I.) m/z (r.I.) m/z (r.I.) m/z (r.I.) m/z (r.I.) 
Mi[C11H23, H, Ph] 1264 (0.23) *** 1309 (0.93) *** *** 
ABii[C11H23, H, 1374 (0.13) 1391 (0.44) 1420 (1.00) 1392 (0.40) *** 
ACii[H, CH3, Ph] 813 (0.04) 830 (0.18) 859 (1.00) 831 (0.38) *** 
ABii[H, CH3, Ph] 813 (0.02) 830 (0.07) 859 (1.00) 831 (0.10) *** 
Tiiii[C11H23, H, *** 1611 (0.43) 1640 (1.00) 1612 (0.72) 1630 (0.17) 
Tiiii[CH3, H, Ph] *** 1050 (0.18) 1079 (1.00) 1051 (0.10) *** 
TSiiii[C11H23, H, 1658 (0.04) 1675 (1.00) *** *** *** 
Mo[C11H23, H, Ph] 1264 (1.00) *** *** *** *** 
ABio[C11H23, H, 1374 (1.00) *** *** *** *** 
ABoo[C11H23, H, 1374 (1.00) *** *** *** *** 
ACio[H, CH3, Ph] 813 (1.00) *** *** *** *** 
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cavity is blocked by the phenyl ring of the outward-directed phenyl phosphonate 
substituent, and no complexation is observed. Likewise, ammonium adduct ions were 
not formed with these cavitands. In spectra of Mo[C11H23, H, Ph], ABio[C11H23, H, 
Ph], ABoo[C11H23, H, Ph], and ACio[H, CH3, Ph], the most abundant peak was the 
one corresponding to protonated cavitand [M + H]+. Instead of ethanol complex, some 
formation of the solvent adduct ion [M + ACN + Na]+ occurred. Most likely the 
formation of this adduct ion is a consequence of the strong affinity of acetonitrile for 
metal ions and it is not specific in nature. The formation of alkali metal adducts was 
poor with these cavitands in contrast to the cavitands in which P=O groups are directed 
inwards. In addition, the failure of the tetrathiophosphonated TSiiii[C11H23, H, Ph] to 
form a  complex with ethanol underlines the importance of inward directed P=O 
groups in the formation of ethanol complexes.  
 
Although the concentration of alcohol was overwhelming as compared with the 
concentration of the cavitands, clusters consisting of a larger number of ethanol 
molecules were not observed. This, together with the finding that only cavitands with 
P=O groups directed solely towards the cavity formed complexes, implies that the 
complexes in question are specific in nature. Although hydrogen bonding between the 
cavitand and alcohol is assumed, there clearly are other factors besides the proton 
affinity that promote the complex formation. The results suggest that the cavity of the 
cavitand plays a major role in the complex formation. This was especially evident for 
the monophosphonate-bridged cavitands. If hydrogen bonding were the only important 
factor in complexation, the cavitands Mo[C11H23, H, Ph] and Mi[C11H23, H, Ph] 
would be expected to form ethanol complexes with the same efficiency, and this was 
not the case. The results strongly imply that the CH-π interactions between the alkyl 
moiety of the alcohols and aromatic rings of the cavitand also play a role in the 
complex formation.  
 
 
4.1 Competition experiments with cavitands 
 
Competition experiments with cavitands were performed to estimate preferences in 
their complex formation with ethanol. All competition experiments were carried out in 
1:1 ethanol/ACN solution, and only those cavitands for which complex formation 
ability had already been observed in preliminary measurements were investigated.  
 
According to the results (Figure 21), complex formation strongly depends on the 
number of P=O groups directed towards the cavity, since the formation of the ethanol 
complex increased in the order Mi[C11H23, H, Ph] < ABii[C11H23, H, Ph] < 
Tiiii[C11H23, H, Ph].  
 
 
 
 
 38
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21. Mean intensities of ethanol complexes and overall variances obtained in competition 
experiments with a) ABii[C11H23, H, Ph] and Mi[C11H23, H, Ph], b) ABii[C11H23, H, Ph] and 
Tiiii[C11H23, H, Ph], c) ABii[H, CH3, Ph] and Mi[C11H23, H, Ph], and d) ACii[H, CH3, Ph] 
and Mi[C11H23, H, Ph]. Percentages are presented relative to ethanol complexes. (% = 
([ethanol+H+cavitand1] / [ethanol+H+cavitand1] + [ethanol+H+cavitand2])*100 %) 
 
 
The effect of the relative position of the inward-directed phenylphosphonate 
substituents was investigated in competition experiments with ABii[H, CH3, Ph] and 
ACii[H, CH3, Ph] against Mi[C11H23, H, Ph], whose ethanol complexes give peaks in 
the same m/z area. Note that, owing to the difference in mass of the competing 
cavitands, the experimental parameters were tuned to maximize the intensity of the 
ethanol complexes of ABii[H, CH3, Ph] and ACii[H, CH3, Ph] and were slightly 
different from the parameters used for the cavitands with C11H23 groups at the lower 
rim. The AB location of the phenyl phosphonate substituents on adjacent bridges 
seems to be more favorable than the AC location for ethanol complexation. The results 
also show that a methyl substituent in the apical position slightly reduces alcohol 
affinity, since the difference in complexation between Mi[C11H23, H, Ph] and ABii[H, 
CH3, Ph] is not as great as the difference in complexation between Mi[C11H23, H, Ph] 
and ABii[C11H23, H, Ph]. ACii[H, CH3, Ph] would be expected to form ethanol 
complex with at least the same efficiency as Mi[C11H23, H, Ph], especially since the 
experimental parameters were designed to favor the detection of ACii[H, CH3, Ph] 
complex, but this was not the case.  
 
In earlier studies on related cavitands, the relative configuration and number of P=O 
groups have been found strongly to affect the efficiency of complex formation.95 In the 
case of alkylammonium ion guests, the presence of two or more inward-directed P=O 
groups allowed the formation of several hydrogen bonds with the guests and increased 
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the abundance of complexes.165 Similarly, in a study where neutral amines were used as 
guests, multiple inward orientation of P=O groups increased the complex formation of 
protonated cavitands.104 In this last case, however, gas-phase ion–molecule reactions in 
the ESI-FTICR mass spectrometer did not support the formation of multiple hydrogen 
bonds between the cavitand host and amine guests.  
 
It must be emphasized that where the complexation study by mass spectrometry is 
carried out with ionic guests, such as alkylammonium ions, the P=O groups of the 
cavitand are able to function solely as hydrogen bond acceptors. In MS studies with 
neutral guests, on the other hand, the charge necessary for observation of the 
complexes is typically brought by protonation. If the protonation occurs to P=O groups 
of the cavitand, this dramatically alters the hydrogen bond acceptor character of the 
cavitand, because at least one of the P=O groups then functions more as a hydrogen 
bond donor than an acceptor. Certainly, in MS experiments with neutral guests the 
formation of multiple hydrogen bonds in which P=O groups function solely as 
hydrogen bond acceptor is impossible. But two or more inward-directed P=O groups 
might achieve forms of cooperative binding if multicentered hydrogen bonds were 
possible. One of the P=O groups would then serve as hydrogen bond donor through the 
attached proton, while one or more of the other groups served as an acceptor of 
hydrogen bond. This phenomenon is most likely responsible for the behavior observed 
in competition experiments between the cavitands.    
 
4.2 Competition experiments with alcohols 
 
To study the effect of the guest, we carried out competition experiments with 
secondary and tertiary alcohols, as well as with primary alcohols with different length 
of alkyl chain. Cavitands Mi[C11H23, H, Ph], ABii[C11H23, H, Ph], Tiiii[C11H23, H, 
Ph],  ABii[H, CH3, Ph], and ACii[H, CH3, Ph] were chosen for the experiments, and 
ethanol was used as standard to which complexation efficiency was compared.  
 
As can be seen in Figure 22, Mi[C11H23, H, Ph] and ACii[H, CH3, Ph] generally 
prefer primary alcohols in complex formation. Moreover, relative abundance of the 
peaks corresponding to primary alcohol complexes increases with length of the alkyl 
chain. The complex formation efficiency with Mi[C11H23, H, Ph] and ACii[H, CH3, 
Ph] was clearly lower for secondary and tertiary alcohols than for primary alcohols. 
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Figure 22. Competition of alcohols in the presence of Mi[C11H23, H, Ph], ACii[H, CH3, Ph], 
ABii[C11H23, H, Ph], ABii[H, CH3, Ph], and Tiiii[C11H23, H, Ph]. Percentages are presented 
relative to ethanol complexes. (% = ([alcohol+H+cavitand] / [alcohol+H+cavitand] + 
[ethanol+H+cavitand]) *100 %) 
 
With ABii cavitands, as with Mi[C11H23, H, Ph] and ACii[H, CH3, Ph], the relative 
abundance of the peaks corresponding to primary alcohol complexes increases with 
length of the alkyl chain. However, the complex formation efficiency with the ABii 
cavitands appeared to be higher for the secondary and tertiary alcohols than the 
primary alcohols.  
  
Cavitand Tiiii[C11H23, H, Ph] behaves like ABii cavitands with respect to secondary 
and tertiary alcohols, but with longer primary alcohols the relative intensity of the 
complexes decreases as the chain length increases. This can be attributed to the steric 
restrictions that alcohols experience in tetra-substituted cavitand. 
 
Three possible explanations can be suggested for the more abundant complex 
formation of longer than of shorter chain primary alcohols with Mi[C11H23, H, Ph], 
ABii[C11H23, H, Ph], ABii[H, CH3, Ph], and ACii[H, CH3, Ph].  
 
i) Since the proton affinity of the alcohol increases with the chain length, the hydrogen 
bond between the alcohol and the protonated cavitand would correspondingly increase 
in strength, and the complex formed would be thermodynamically more stable. This 
argument would not, however, explain the more abundant complexation of primary 
alcohols with Mi[C11H23, H, Ph] and ACii[H, CH3, Ph] compared with secondary and 
tertiary alcohols, because the proton affinities of primary, secondary, and tertiary 
alcohols are of similar magnitude. In fact, according to Kamlet-Taft β parameters, the 
ability of secondary and tertiary alcohols to act as hydrogen bond acceptor is greater 
than that of primary alcohols.180,181 Interestingly, our results show the same trend in 
complexation as studies on primary alcohols with mass sensitive sensors.32,109,110 In the 
case of sensors, the trend is due to the increase of unspecific dispersion interaction 
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between the alkyl chains at the lower rim of the cavitands and the alkyl chains of the 
alcohol. In our study, the increase in complex formation efficiency with chain length is 
not, however, dependent on the lower rim alkyl chains of the cavitand because 
ABii[C11H23, H, Ph] and ABii[H, CH3, Ph] behaved similarly with longer primary 
alcohols. Likewise Tiiii[CH3, H, Ph] and Tiiii[C11H23, H, Ph] behaved similarly both 
in the presence of EtOH and the presence of PenOH.  
 
ii) Compared with shorter chain alcohols, longer chain alcohols can be considered less 
solvated due to the greater hydrophobicity of their alkyl chains, and the lower degree 
of solvation may contribute to the enhanced complex formation. Additionally, reduced 
solvation may increase the ionization efficiency of complexes and facilitate the 
observation of the complexes after the ESI process.  
 
iii) The probability of having stabilizing CH-π interactions increases with chain length 
of the alcohol. 
 
According to our results, with cavitands ABii[C11H23, H, Ph], ABii[H, CH3, Ph], and  
Tiiii[C11H23, H, Ph] the alcohols probably form a hydrogen bond network with 
adjacent P=O oxygens, so that the cavitand serves as both hydrogen bond donor and 
hydrogen bond acceptor. In the complexes with ABii cavitands, the oxygen of the 
alcohol lies between the P=O oxygens of the cavitand and acts as hydrogen bond 
acceptor with protonated P=O group and hydrogen bond donor with unprotonated P=O 
group. In this kind of orientation, the alkyl chains of secondary and tertiary alcohols 
would better stabilize the structure of the complex than those of primary alcohols 
through multiple favorable CH-π interactions with the aromatic rings of the cavity.  
 
A similar position of the alcohol in cavitand Mi[C11H23, H, Ph] is not possible due to 
repulsion between the OH group of the alcohol and the CH2 bridge of the cavitand. 
Weaker complex formation of Mi[C11H23, H, Ph] and ACii[H, CH3, Ph] with 
secondary and tertiary alcohols than with primary alcohols is probably caused by non-
stabilizing orientation of the alkyl chains of secondary and tertiary alcohols. Moreover, 
in this orientation favorable CH-π interaction may be possible between the alkyl chain 
of longer primary alcohols and the aromatic ring of the substituent. In addition, 
Mi[C11H23, H, Ph] does not support the same kind of hydrogen bond system as ABii 
cavitands and, as a consequence, overall affinity towards alcohols is decreased.  
 
 
4.3 Collision induced dissociation 
 
Differences in gas-phase stability of the alcohol complexes of cavitands were studied 
by CID measurements. CID experiments were performed with ethanol complexes of 
Mi[C11H23, H, Ph], ABii[H, CH3, Ph], ACii[H, CH3, Ph], and Tiiii[C11H23, H, Ph] 
and with methanol, ethanol, propanol, sec-propanol, butanol, sec-butanol, and t-butanol 
complexes of ABii[C11H23, H, Ph]. 
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Ethanol complexes of all cavitands dissociated producing protonated cavitand [M + 
H]+ as product ion. Protonated alcohols or other product ions were not observed, 
confirming our earlier assumption that proton affinities of cavitands are greater than 
proton affinities of alcohols. A comparison of the dissociation of the ethanol 
complexes of the investigated cavitands is presented in Figure 23.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23. Dissociation of ethanol complexes of cavitands. Normalized intensities as a function 
of activation energy (eV). 
 
Clear differences in stability were evident between these complexes: the stability of 
complexes increased in the order Mi[C11H23, H, Ph] < ABii[C11H23, H, Ph] < 
Tiiii[C11H23, H, Ph], and the ethanol complex of ABii[H, CH3, Ph] was kinetically 
more stable than the ethanol complex of ACii[H, CH3, Ph]. These findings confirm the 
importance of the number and position of the P=O groups for the stability of the 
complexes. Comparison of cavitands ABii[C11H23, H, Ph] and ABii[H, CH3, Ph] and 
cavitands Mi[C11H23, H, Ph] and ACii[H, CH3, Ph] shows that the methyl substituents 
at apical positions of ABii[H, CH3, Ph] and ACii[H, CH3, Ph] increase the kinetic 
stability of the ethanol complexes.  
 
The stability difference between the ethanol complexes of Mi[C11H23, H, Ph] and 
ABii[C11H23, H, Ph] can be attributed to the formation of multicentered hydrogen bond 
between the protonated ABii[C11H23, H, Ph] and ethanol. Greater stability of the 
ethanol complex of Tiiii[C11H23, H, Ph] than that of ABii[C11H23, H, Ph] is most 
likely due to steric and statistical factors, which hinder the release of the alcohol in 
Tiiii[C11H23, H, Ph] and thereby increase the kinetic stability of ethanol complex of 
Tiiii[C11H23, H, Ph].  
 
Comparison of the dissociation curves of the ABii[C11H23, H, Ph] complexes formed 
with different alcohols did not reveal any marked differences in their kinetic stability 
and there was no consistent trend in the stabilities. Although longer alkyl chain was 
clearly associated with increased complex formation, as reported above, it did not seem 
Ecom0.5
0 5 10 15 20 25 30
0
0.2
0.4
0.6
0.8
1.0
N
or
m
al
iz
ed
in
te
ns
ity
ABii[C H , H, Ph]11 23
Mi[C H , H, Ph]11 23
Tiiii[C H , H, Ph]11 23
ABii[H, CH , Ph]3
ACii[H, CH , Ph]3
 43
to affect the gas-phase stability of the complexes. The CID results of the cavitands are 
summarized in Table 6. 
 
Table 6. Ecom0.5 values of dissociation for cavitand–alcohol complexes. 
Cavitand Alcohol Ecom0.5 [a] R2 [b]
Mi[C11H23, H, Ph] EtOH 1.12 0.9877 
ABii[C11H23, H, Ph] EtOH 2.71 0.9850 
ACii[H, CH3, Ph] EtOH 3.69 0.9676 
ABii[H, CH3, Ph] EtOH 10.40 0.9943 
Tiiii[C11H23, H, Ph] EtOH 6.06 0.9845 
ABii[C11H23, H, Ph] MeOH 3.26 0.9887 
ABii[C11H23, H, Ph] PrOH 3.64 0.9965 
ABii[C11H23, H, Ph] sec-PrOH 3.40 0.9975 
ABii[C11H23, H, Ph] BuOH 2.78 0.9775 
ABii[C11H23, H, Ph] sec-BuOH 3.49 0.9965 
ABii[C11H23, H, Ph] t-BuOH 3.70 0.9984 
[a] Activation energy where half of the complex is dissociated (eV) 
[b] Correlation of sigmoidal fit. 
 
 
5. CONCLUSIONS 
 
The results summarized in this dissertation show that high resolution mass 
spectrometry together with soft ionization technique can be a valuable tool in studying 
supramolecular complexes and, in particular, host–guest complexes. A substantial 
amount of information about the formation and properties of weakly bound complexes 
can be obtained, as long as attention is paid to the experimental parameters and the 
conditions under which the experiments are conducted.  
 
The purpose of the competition experiments was to reveal factors in guests and hosts 
that affect the complex formation in solution. In the case of guests, the factors under 
evaluation increased mainly according the same trend: proton affinity, physical 
dimensions, and the possibility to form favorable CH-π interactions. These properties 
have their impact also on electrospray responses of the guests. Particularly in the case 
of alkyl ammonium ions, it would have been advantageous if differences in the 
solvation and amount of ammonium ions in solution could have been estimated by 
measuring the ESI responses of the ions. This would have simplified the conclusions 
drawn on the basis of the results. While ESI is the only effective ionization technique 
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that can be used to transfer the noncovalent complexes to gas phase, its characteristics, 
including its electrolytic nature, may markedly affect the obtained results.   
 
The CID results show the same limitation of this type of experiment, as noted earlier: 
CID measures the kinetic stability of the ions rather than the thermodynamic stability, 
which is more desirable in the case of host–guest complexes. Here, the stability of the 
complexes as determined in CID experiments was mainly dependent on the difference 
in proton affinities between the host and the guest. Some tentative conclusions about 
the CH-π interactions were nevertheless drawn on the grounds of CID experiments.  
 
Gas-phase ion–molecule reactions seem especially promising in offering information 
about the interactions involved in the host-guest complexes, their energetics, and 
reactions. The usefulness of ion–molecule reactions as a tool for supramolecular 
chemistry will increase as they are more frequently applied to supramolecular 
complexes. The biggest limitation of these reactions at the moment is their low 
repeatability in FTICR instruments, but this could be surmounted by development of 
more accurate methods to determine the pressure of the reagent. 
 
The formation of 1:1 alkylammonium complexes of resorcarene R1 was found to 
increase in order of increasing length of the alkyl chain of the ammonium ion and the 
degree of substitution. This is attributed to the greater possibility of CH-π interactions 
and reduced solvation of the ions, which affects both the ESI responses of the ions and 
the formation of the complexes in solution.  The wide boat conformation of R1 allows 
complexation even with relatively large guest ions, and steric limitations were not 
observed. With resorcarene R2, which has more hindered binding site, however, the 
steric factors affected the complexation. The effect of steric hindrance on the 
intramolecular hydrogen bonding was evident in the H/D exchange reactions, which 
showed a disturbance of the intramolecular hydrogen bonding in resorcarene R2 but 
not in sterically less hindered R1.  
 
Stability of the resorcarene complexes with alkylammonium ions was solely defined by 
the strength of the hydrogen bonding. This suggests that hydrogen bonding plays an 
essential role in the formation of complexes. The formation and stability of the 
complexes formed with arylammonium ions were low relative to the formation and 
stability of the complexes formed with alkylammonium ions. This implies that CH-π 
interactions play a role in the complexation, although indisputable evidences for this 
was not obtained.  
 
The resorcarene dimers were found to have a sandwich-like structure where the two 
resorcarene subunits were connected by intermolecular hydrogen bonds and the guest 
ions provided electrostatical stabilization. On the basis of the ion–molecule reactions, 
the guest was inferred to be located such that it could interact with the neutral reagent 
and guest-exchange reaction could occur. This finding implied that the dimers 
originated in solution and were not formed through clustering during the electrospray. 
However, their formation was not dependent on a particular guest ion, and it is thus 
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unclear whether the dimers are specific in nature or side products from the complex 
formation. 
 
The number and position of the P=O groups and their orientation with respect to the 
cavity were found to be the main determinants of the complexation efficiency of 
phophonate-bridged cavitands toward alcohols. Besides complex formation, the 
number and relative position of the P=O groups strongly affected the stability of the 
complexes. The more abundant formation and greater stability of the ABii and Tiiii 
cavitands was due to the ability of their protonated forms to establish a hydrogen bond 
network with alcohols, in which the cavitand functions as both hydrogen bond donor 
and hydrogen bond acceptor. The formation of a hydrogen bond network also affected 
the complexation behavior of the cavitands, as the cavitands capable of forming a 
network seemed to prefer secondary and tertiary alcohols in complexation, whereas 
those able to form only single hydrogen bonds without any cooperation, preferred 
primary alcohols. This difference is explained by the different location of the alcohol in 
these two types of complexes.      
 
All investigated cavitands showed increased complex formation as the length of the 
alkyl chain of the alcohol increased. It was suggested that this might be due to the 
greater proton affinity of the longer chain alcohols, their decreased solvation, or the 
greater freedom of the long alkyl chain, which would allow the guest to undergo higher 
number of CH-π interactions with the cavitand. Since alcohol chain length appeared to 
have no effect on the gas-phase stability of the complexes, greater proton affinity can 
be ruled out. It is reasonable to assume, therefore, that increased complex formation 
with longer chain length is due to the decreased solvation or increased possibility to 
CH-π interactions between the alcohols and cavitand. 
 
In the case of cavitands, the mass spectrometric results were in surprisingly good 
agreement with earlier results obtained by crystallography and mass sensitive sensor 
measurements. Studying the complexation of a neutral guest with a neutral host by 
mass spectrometry is not straightforward due to the requirement of charge. In this 
study, charge was provided by protonation of the host, which complicates the 
comparison of the results with the results of other methods. Nevertheless, mass 
spectrometric study produced valuable information about the receptor properties of 
cavitand hosts and has been found greatly to aid the development of supramolecular 
sensors based on phosphonate-bridged cavitands. 
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